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Illicit stimulants are used to temporarily increase alertness, mood, and euphoria. These effects arise from the drugs' acute mechanism of action on the monoamine neurotransmitters dopamine, norepinephrine, and serotonin. There are important differences in the degree to which the various stimulants affect these three neurotransmitters. For example, ecstasy results in an increase in primarily serotonin and norepinephrine (for review see Ref. 24) , whereas amphetamine, methamphetamine, and cocaine cause excess accumulation of mainly dopamine (for review, see Refs. 20, 57) .
Studies in rodents suggest that chronic use of stimulants is associated with long-term changes in monoamine neurotransmission. Chronic use of amphetamines is associated with dopamine deficiency and neurotoxicity due to a combination of mechanisms including mitochondrial dysfunction, oxidative stress, excitotoxicity, and neuroinflammation (for review see Ref. 58) . Conversely, chronic use of ecstasy is associated with selective neurotoxicity in serotonergic nerve terminals in the rat striatum, cerebral cortex, hypothalamus, and hippocampus (for review see 21) .
Investigating the effect of chronic use of illicit stimulants in humans is challenging because of poly-drug use (i.e., use of more than one psychoactive drug; e.g., Refs. 31, 41) . For example, in Australia, 70% of amphetamine and methamphetamine users currently use cannabis and 60% had used ecstasy in the past 12 mo (1) . Stimulant use is also associated with higher consumption of alcohol and tobacco (2) . This aside, long-term changes in monoamine neurotransmission have been observed in abstinent stimulant users with the use of neuroimaging. For example, abstinent methamphetamine users exhibit reduced dopamine reuptake transporter (53) and dopamine (D2) receptor availability (52) in the striatum, whereas abstinent ecstasy users exhibit decreased 5-HT reuptake transporter (32) and changes in 5-HT 2 receptors (38) in several brain regions.
The aim of our study was to investigate if there are longterm changes in cortical excitability in individuals with a history of illicit stimulant use. We chose to investigate motor cortex because transcranial magnetic stimulation (TMS) can be used in conscious humans to investigate motor cortical and corticospinal excitability. Four previous studies have used TMS to investigate excitability in abstinent cocaine users. Two early studies (8, 9) lacked sufficient methodological rigor to draw accurate conclusions, and the latter two studies (19, 46) found that abstinent cocaine users require a higher stimulus intensity to evoke a response (i.e., higher threshold). The studies also revealed increased GABA B -mediated intracortical inhibition (i.e., prolongation of the cortical silent period; Ref. 19 ) and increased long-interval intracortical facilitation in motor cortex (46) . However, the latter studies did not assess excitability during movement and did not quantify lifetime stimulant use. The studies also did not investigate the effect of other illicit drug use, alcohol and tobacco use, or neuropsy-chological performance on the results. Thus a secondary aim of our study was to address these limitations. We hypothesized that individuals with a history of illicit stimulant use would exhibit altered motor cortical and corticospinal excitability and that the effects would be related to their poly-stimulant use and not differences in neuropsychological performance or to their use of alcohol, tobacco, or cannabis. Changes in motor cortex and corticospinal circuitry could partly underlie case reports (e.g., Refs. 17, 33) and anecdotal reports (e.g., Ref. 37) of movement dysfunction in stimulant users. Participants. Fifty-two healthy adults aged 18 -48 yr were recruited into the study (mean age: 26 Ϯ 7 yr, 32 male, 20 female). Three groups of subjects were investigated: 26 stimulant users, 9 cannabis users, and 17 nondrug users. The cannabis users were included as a drug-use control group because cannabis use is common among stimulant users. The inclusion criterion for the stimulant group was use of stimulants on greater than five occasions. Inclusion criteria for the cannabis group were use of cannabis on greater than five occasions but no history of stimulant use. Inclusion criteria for the control group were cannabis use on Ͻ1 occasion and no other history of illicit drug use (alcohol and tobacco use was permitted).
MATERIALS AND METHODS

Ethical
Subject screening. Subjects were asked to provide a urine sample for routine drug screening (PSCupA-6MBAU; US Diagnostics, Huntsville, AL). Subjects who tested positive for amphetamine, methamphetamine, MDMA (ecstasy), cocaine, opioids, and/or benzodiazepines were excluded from further participation. Subjects who tested positive for cannabis [active ingredient tetrahydrocannabinol (THC)] were allowed to participate if use was Ͼ12 h before the experiment. The exemption was due to the metabolite of THC remaining in the body for up to 90 days after last use. Subjects then completed a therapeutic drug history questionnaire to document use of prescription, nonprescription, and complementary medicines within the last month. Subjects were excluded if they reported use of prescription medications that acted on the central nervous system in the last month (e.g., methylphenidate, antipsychotics, and antidepressants). Subjects were then interviewed about past and present alcohol and tobacco use and illicit drug use. The interview consisted of a series of questions of about 20 recreational drugs and any other recreational drugs not listed. Items on the questionnaire included age of first use, age of regular use, duration of use, frequency of use (current and lifetime), number of times used in the last year, average dose (current and lifetime), frequency of high dose use, time since last use, number of drug overdoses, and if they were currently undergoing treatment for drug dependency. Subjects were excluded if they consumed recreational drugs on the day of the experiment (confirmed by positive result on urine drug screen) or if they had a history of recreational opioid use on more than three occasions.
Subjects then completed a brief medical history questionnaire and TMS safety screen (40) . Subjects were excluded if they had a history of neurological damage and/or neurological illness before illicit drug use or contraindators for TMS (e.g., metal objects in the skull and cardiac pacemaker). The final screening test involved a neuropsychological assessment of memory and cognition. Four cognitive domains were assessed. New learning was assessed with Logical Memory I and II (56) , executive functioning was assessed with Verbal Trails and Verbal Fluency (7, 22) , working memory was assessed with Digit Span backwards (55) , and attention was assessed with Digit Span forwards (55) . Performance in each test was compared with normative data matched for age and years of education. Subjects were excluded if poor performance was observed on three or more of the cognitive domains tested. Poor performance was defined as Ͼ2 SD below the mean of the normative data for Digit Span (25) , Verbal Fluency (47), and Logical Memory I and II (34) and performance Ͼ2 SD above the mean for Verbal Trails (35) .
Experimental protocol. The experiment began with preparation and positioning of two surface electromyographic (EMG) electrodes (AgAgCl, 10-mm diameter) over the muscle belly and tendon of the first dorsal interosseus on the dominant hand. Hand dominance was confirmed with the use of the Edinburgh Handedness Questionnaire (36) . EMG activity was amplified (100 or 1,000ϫ), filtered (20 -1,000 Hz), and sampled at 2,000 Hz using a data acquisition system (1902 with Power 1401 Interface and Signal and Spike2 software: Cambridge Electronic Design, Cambridge, UK).
Single-and paired-pulse TMS was then applied to the motor cortex contralateral to the dominant hand with the use of two Magstim 200 2 stimulators (part no. 3010 -00), a BiStim 2 UI Controller and Connecting Module (part no. 3021-00 and 3333-00), and a figure-ofeight coil (part no. 3281-00, 90-mm external diameter of wings; Magstim, Whitland, UK). The center of the coil was positioned over the motor area of the first dorsal interosseus. This region is easy to activate with TMS, and the evoked EMG response has been well characterized in the literature. The handle of the stimulating coil pointed posteriorly at ϳ45°to the midline and tangentially to the skull. This coil position induces a posterior-to-anterior current in the brain and is optimal for stimulating the hand region of the motor cortex. To begin with, single stimuli were applied at a rate of ϳ0.2 Hz to determine resting motor threshold. The intensity of stimulation was initially set well above threshold and then reduced in steps of 1-3% of stimulator output until it was below threshold. Resting motor threshold was defined as the stimulus intensity that produced a response [termed motor evoked potential (MEP)] of amplitude Ͼ50 V in 5 out of 10 consecutive stimuli. The intensity of stimulation was then increased to 130% of the resting motor threshold to assess resting corticospinal excitability. Fifteen single stimuli were delivered at this intensity. A further 15 stimuli were delivered at the same intensity during weak abduction of the index finger to assess intracortical inhibition and facilitation of corticospinal excitability during movement. The contraction was performed with the wrist supinated and the index finger extended. A 52.7-g weight was positioned at the distal interphalangeal joint, and subjects were instructed to hold the weight using index finger abduction. The weight was then removed, and subjects were instructed to relax. Subjects then received paired-pulse stimulation to investigate short-interval intracortical inhibition and facilitation.
The paired-pulse paradigm was based on that used by Kujairi et al. (26) . The intensity of the test pulse was set to produce a resting MEP of ϳ1 mV in amplitude. The intensity of the conditioning pulse was set at 70% of resting motor threshold. The conditioning pulse preceded the test pulse by 2, 3, 10, or 12 ms. Ten pairs of stimuli were applied at each interstimulus interval, and 20 single test pulses were also applied (ϳ0.2 Hz). The paradigm was then repeated with a higher conditioning stimulus intensity (90% of resting motor threshold).
Subjects then completed three brief (2-3 s) maximal isometric abductions of the index finger to enable normalization of voluntary EMG measured during the TMS protocol. Verbal encouragement and visual feedback of force production were provided to subjects. Maximal isometric abduction force was recorded using a linear strain gauge (LC1205-K020; A&D Mercury, Thebarton, Australia) positioned at the proximal interphalangeal joint. The thumb and middle finger were restrained, and maximal contractions were separated by ϳ1 min to avoid fatigue. Force was recorded using the abovementioned data acquisition system. Force signals were amplified (1,000ϫ), filtered (DC to 100 Hz), and sampled at 200 Hz.
Lastly, depression can influence motor cortical excitability (e.g., Refs. 27, 29). Thus symptoms of depression (over the past 2 wk) were assessed with a 21 item self-report rating scale (Beck Depression Inventory-II, 5). The reliability and validity of this questionnaire are well established in adults (43) . Speed of information processing was also assessed. Subjects were presented with two parallel lines on a computer screen and asked to indicate which of the two lines was shorter (i.e., "Inspection time test"; Ref. 51) . The minimum exposure time required to accurately determine the shorter line was recorded. The test is a measure of speed and efficiency of information processing independent of the motor component of reaction time.
Data analysis. For single-pulse TMS, the latency, area, peak-topeak amplitude, and duration of resting and contracting MEPs was measured in each trial. Resting MEPs with preceding voluntary EMG were excluded from further analysis. For contracting MEPs, the prestimulus voluntary root mean square EMG (i.e., RMS EMG) was measured (over 100 ms) for each subject and expressed as a percentage of that measured (over 1 s) during brief maximal voluntary abduction of the index finger. The period of EMG silence following contracting MEPs (i.e., silent period) was also measured. A measurement cursor was placed at the stimulus onset and at the resumption of voluntary EMG. Resumption of voluntary EMG was determined by eye with a consistent visual display window (y-axis: Ϯ 0.2 mV). The silent period was defined as the time interval between the stimulus and resumption of voluntary EMG. For paired-pulse TMS, the peak-topeak amplitude of resting MEPs was measured in each trial. The conditioned MEP was expressed as a percentage of the test MEP.
Group data are presented as the means Ϯ SD. Subject characteristics (age, height, weight, education, depression score, and speed of information processing) and use of alcohol and tobacco were analyzed with one-way ANOVA for comparison of group (control, stimulant, cannabis). Nonparametric data were transformed to ranks, and repeated-measure ANOVAs on ranks were performed. Post hoc discrimination between means was made with Student-Newman Keuls procedure (SigmaPlot 11.0; Systat Software, Chicago, IL). Due to widespread poly-drug use in the stimulant group but not in the cannabis group, MEP characteristics were analyzed separately for the stimulant and cannabis groups. Between group (i.e., stimulant vs. control or cannabis vs. control) comparison of MEP area, MEP amplitude, MEP latency, MEP duration, resting motor threshold, silent period duration, and prestimulus voluntary RMS EMG amplitude was made with unpaired Student's t-test. Cohen's d was used to determine effect size (medium effect size: ϳ0.5; large effect size: Ͼ0.8). Group data for paired-pulse stimulation was analyzed with three-way ANOVA for comparison of group (stimulant vs. control or cannabis vs. control; between-subject factor), conditioning stimulus intensity (70 and 90% resting motor threshold; within-subject factor), and interstimulus interval (2, 3, 10, and 12 ms; within-subject factor). Mauchly's test of sphericity was performed and the Greenhouse-Geisser method was used to correct for nonsphericity (IBM SPSS Statistics 20, IBM; Armonk, New York, NY). A Spearman rank order correlation was used to investigate the relationship between the size of contracting MEPs and prestimulus voluntary RMS EMG amplitude and between drug history parameters and TMS parameters (SigmaPlot 11.0, Systat Software).
RESULTS
Subject characteristics. Table 1 shows average subject characteristics for the control, stimulant, and cannabis groups. The average age of the groups was significantly different (F 2,49 ϭ 3.215; P ϭ 0.049). Subjects in the cannabis group tended to be younger than the stimulant group (P ϭ 0.058), but neither group differed from control. The groups also differed in weight (F 2,49 ϭ 3.548; P ϭ 0.036) but not height. The groups did not differ in years of education or speed of information processing (i.e., inspection time). All subjects passed neuropsychological screening, but the score on the Beck Depression Inventory-II (BDI-II) significantly differed between groups (F 2,49 ϭ 8.534; P Ͻ 0.001). As expected, symptoms of depression were more evident in the stimulant (P Ͻ 0.001) and cannabis (P ϭ 0.013) groups than in the control group. Four subjects in the stimulant group had received a formal diagnosis of depression. The diagnosis was given after commencement of illicit drugs by 2, 8, 14, and 15 yr, respectively, and subjects were not currently being treated with antidepressants. Prior head injuries (involving loss of consciousness) were also more common in the stimulant group.
Drug history. Fourteen subjects had consumed prescribed medication in the month before the experiment, but only three medications had actions on the central nervous system. One subject had consumed one dose of a benzodiazepine (Temazepam; 15 days before the experiment), one subject had consumed steroid and testosterone medications (up until 15 days before the experiment), and another subject had consumed a nicotinic receptor partial agonist (Champix) during the 3 days before the experiment (to aid cessation of smoking). Consumption of over-the-counter medications included pain relief medications (n ϭ 8 subjects, consumed 1-21 days before experiment), antihistamines and other decongestants (n ϭ 6, 0 -20 days), heartburn medication (n ϭ 2, 10 -21 days), antifungal medication (n ϭ 1, 1 day), and flu vaccination (n ϭ 1, 7 days). Consumption of complementary medications included vitamin and mineral preparations (n ϭ 16), fish oil (n ϭ 5), herbal preparations (n ϭ 4), and creatine products (n ϭ 2). Use of alcohol and tobacco was significantly different between the groups (alcohol: F 2,41 ϭ 12.056, P Ͻ 0.001; tobacco: F 2,49 ϭ 35.285, P Ͻ 0.001). Lifetime use of alcohol (estimated total drinks) and tobacco (estimated total cigarettes) was significantly greater in the stimulant group than in the control (P Ͻ 0.001) and cannabis (P Ͻ 0.039) groups (Table 1) . Table 2 shows single subject data on use of stimulants and cannabis in the stimulant and cannabis groups. Ecstasy was the most commonly used stimulant followed by amphetamine/ methamphetamine, cocaine, and recreational use of pharmaceutical stimulants. However, lifetime use (number of
in the stimulant group (range: 1 day-3 yr) and 0.7 Ϯ 1.6 yr in the cannabis group (range: 1 day-5 yr). Table 3 shows the percentage of subjects within each group that had used other types of illicit drugs. This information is rarely reported but is important for interpretation of the results. As expected, poly-drug use was common in the stimulant group. All subjects in the stimulant group had used cannabis, and lifetime use (number of occasions) did not significantly differ between the stimulant and cannabis groups. However, use of other classes of illicit drugs was much more prevalent in the stimulant group than in the cannabis group. The most commonly used hallucinogens were lysergic acid diethylamide (i.e., LSD, 69% of subjects, 53 Ϯ 120 occasions) and "magic" mushrooms (62% of subjects; 14 Ϯ 38 occasions), and the most commonly used inhalant was nitrous oxide (54% of subjects; 31 Ϯ 55 occasions). Due to extensive poly-drug use in the stimulant group, and more frequent drug overdoses, the cannabis group was deemed to be inappropriate as a control group. As a result, further statistical analysis of the stimulant and cannabis groups was performed separately. 
Single subject data are presented (number of times used). The term "amphetamine" describes methamphetamine and khat (1 subject only). The term "ecstasy" describes ecstasy, MDA (3,4-methylenedioxyamphetamine, 2 subjects), and MCAT (mephedrone; 1 subject only). Pharmac, pharmaceutical stimulants (Ritalin and dexamphetamine).
Stimulant group.
There was no significant difference in resting motor threshold between the stimulant (45.5 Ϯ 7.5%) and control (48.6 Ϯ 7.2%) groups. MEP characteristics were measured during relaxation and weak contraction at a given stimulus intensity (130% of resting motor threshold). Figure 1 shows averaged EMG data for one control subject and one stimulant subject. Resting MEPs tended to be larger in the stimulant subject than in the control.
MEPs were significantly larger in the stimulant group than in the control group during relaxation (area: P ϭ 0.045, Cohen's d ϭ 0.62; amplitude: P ϭ 0.089, Cohen's d ϭ 0.53; Fig. 2, A and B) and contraction (area: P Ͻ 0.001, Cohen's d ϭ 1.05; amplitude: P ϭ 0.002, Cohen's d ϭ 0.93; Fig. 3, A and B) . Prestimulus voluntary RMS EMG amplitude was calculated to determine if the larger MEPs observed during contraction were due to differences in task performance. Prestimulus voluntary RMS EMG was expressed as a percentage of that measured during maximal voluntary abduction of the index finger. Surprisingly, prestimulus voluntary RMS EMG amplitude was significantly larger in the stimulant group (9.4 Ϯ 5.1%) than in the control group (5.4 Ϯ 2.1%; P ϭ 0.004, Cohen's d ϭ 0.87), suggesting greater muscle activation while holding a 52.7-g weight. The greater muscle activation occurred even though maximal isometric force was significantly higher in the stimulant group (42.7 Ϯ 14.6 N) than in the control group (30.8 Ϯ 10.1 N; P ϭ 0.005, Cohen's d ϭ 0.84). However, the greater muscle activity appeared to have a minimal effect on the size of contracting MEPs because there was no significant correlation between contracting MEP size and prestimulus voluntary RMS EMG amplitude across subjects (MEP area: correlation coefficientϭ0.18; P ϭ 0.25; MEP amplitude: correlation coefficient ϭ 0.16; P ϭ 0.31). Variability of MEP area and amplitude did not significantly differ between groups during relaxation but was significantly less in the stimulant group during contraction (stimulant MEP area: 14.1 Ϯ 7.6%; stimulant MEP amplitude: 15.3 Ϯ 7.8%; control MEP area: 21.5 Ϯ 10.2%; control MEP amplitude: 21.3 Ϯ 11.1%; P Ͻ 0.043).
The duration of resting and contracting MEPs did not significantly differ between groups, but the latency of MEPs was significantly longer in the stimulant group than in the control group (Figs. 2C and 3C; P Ͻ 0.009, Cohen's d ϭ 0.80). The duration of the silent period following contracting MEPs tended to be longer in the stimulant group than in the control group but did not reach statistical significance (P ϭ 0.060, Cohen's d ϭ 0.58; Fig. 3D ).
As expected, paired-pulse stimulation induced inhibition at interstimulus intervals of 2 and 3 ms and facilitation at interstimulus intervals of 10 and 12 ms (main effect of interstimulus interval: F 3,336 ϭ 98.705; P Ͻ 0.001) and differed between the two conditioning stimulus intensities (main effect of intensity: F 1,336 ϭ 18.848; P Ͻ 0.001; stimulus intensity-by-interstimulus interval interaction: F 3,336 ϭ 6.758; P Ͻ 0.001). However, The term "hallucinogen" describes LSD (lysergic acid diethylamide), LSA (D-lysergic acid amide), "magic" mushrooms, DOI (2,5-dimethoxy-4-iodoamphetamine), mescaline, salvia divinorum, and/or ketamine. The term "opiate" describes heroin, methadone, opium, and recreational use of codeine, oxycodeine, and/or morphine (total use Ͻ3 occasions per subject). The term "inhalant" describes amyl nitrate, ethyl choride, and/or nitrous oxide. The term "sedative" describes GHB (or "fantasy," ␥-hydroxybutyric acid) and recreational use of benzodiazapine, antihistamine, and/or antidepressants. there was no significant main effect of group and there were no significant interactions with group.
There was no significant correlation between TMS parameters and total stimulant use (number of occasions) or duration of abstinence. However, short-interval intracortical inhibition (2-ms interstimulus interval) tended to increase with increasing duration of abstinence (correlation coefficient ϭ Ϫ0.343; P ϭ 0.085) but only for the higher conditioning intensity (90% resting motor threshold).
Cannabis group. There was no significant difference in resting motor threshold between the cannabis (45.1 Ϯ 6.8%) and control groups. Resting MEPs did not significantly differ between the cannabis and control groups, but contracting MEPs tended to be larger in the cannabis group than in the control group (area: P ϭ 0.059, Cohen's d ϭ 0.83; amplitude: P ϭ 0.087, Cohen's d ϭ 0.76; Fig. 3, A and B) . Prestimulus voluntary RMS EMG amplitude in the cannabis group (7.6 Ϯ 1.3%) was not significantly different from the control group. The variability of contracting MEPs did not differ between groups, but resting MEP area and amplitude were more variable in the cannabis group (coefficient of variation; area: 73.6 Ϯ 27.6%; amplitude: 76.5 Ϯ 38.5%; P Ͻ 0.011) than in the control group. The silent period duration (Fig. 3D) and MEP duration (resting: 42.7 Ϯ 11.8 ms; contracting: 47.1 Ϯ 4.4 ms) in the cannabis group did not significantly differ to controls, but the latency of contracting MEPs was longer in the cannabis group than in the control group (P ϭ 0.041, Cohen's d ϭ 1.16; Fig. 3C ). The paired-pulse paradigm did not reveal any differences between the cannabis and control groups.
DISCUSSION
We investigated motor cortex and corticospinal excitability in individuals with a history of illicit stimulant use. The novel features of our study were investigation of individuals with predominant use of methamphetamine and ecstasy, assessment of excitability during movement, assessment of recent and lifetime drug history, and inclusion of several control measures to aid interpretation of the results. Our results show for the first time that individuals with a history of primarily methamphetamine and ecstasy use exhibit significantly larger MEPs during relaxation and contraction, increased muscle activity during a given task, a prolonged MEP latency, and a tendency for a prolonged cortical silent period.
MEP size is sensitive to the level of cortical excitability and reflects activity in intracortical circuits and projections to the spinal cord. At a given stimulus intensity, resting MEPs were significantly larger in the stimulant group than in the control group. This suggests that individuals with a history of stimulant use exhibit increased resting motor cortical and/or corticospinal excitability. Identifying the underlying mechanism for the increased excitability is difficult in humans. We can conclude that the effect is not associated with the acute mechanism of action of stimulants because the average duration of abstinence was Ͼ2 yr and all subjects had a negative urine screen for stimulants, opiates, and benzodiazepines. However, beyond that one can only speculate due to poly-drug use and the potential for interaction between different classes of drugs.
It is conceivable that use of methamphetamine and ecstasy had a greater effect on resting excitability than symptoms of depression or use of cocaine and/or cannabis. Several pieces of evidence support this view. First, resting motor threshold was normal in the current cohort of stimulant users but is significantly higher in abstinent cocaine-dependent individuals (19, 46) and unmedicated patients with depression (29) . Second, resting MEP size was larger in the current cohort of stimulant users but is normal in abstinent cocaine-dependent individuals (19, 46) and cannabis users (current study; see also Ref. 18) . Third, half of the subjects in the current cohort of stimulant users had tried cocaine but only on a small number of occasions. Other neuropsychological factors such as altered memory, cognition, and speed of information processing are also unlikely to have contributed to the result because inspection time was normal in stimulant users and all subjects passed neuropsychological screening.
MEPs measured during weak abduction of the index finger were also significantly larger in the stimulant group than in the control group. This is the first time that contracting MEPs have been investigated in illicit stimulant users. The increased MEP size suggests that individuals with a history of stimulant use also exhibit increased motor cortical and/or corticospinal excitability during movement. The increased MEP size could partly be due to cannabis use because contracting MEPs also tended to be larger in cannabis users (P ϭ 0.059). It could also be due to greater voluntary muscle activity during the movement in individuals with a history of stimulant use. Voluntary muscle activity was quantified by normalization of the prestimulus voluntary RMS EMG amplitude to the voluntary RMS EMG amplitude recorded during brief maximal voluntary contractions to enable comparison between subjects. The contribution of greater muscle activity to contracting MEP size is likely to be minimal given that there was no correlation between contracting MEP size and prestimulus voluntary RMS EMG amplitude across subjects. Nonetheless, the greater muscle activation is still surprising given that subjects in the stimulant group were stronger (i.e., higher maximal abduction force) than subjects in the control group. Further investigation of muscle activity patterns during other types of movement is necessary to determine if planning and performance of movement is altered by illicit drug use.
Variability in MEP size did not underlie the increase in MEP size observed in the stimulant group. The coefficient of variation for MEP area and amplitude was equal to or less than that observed in the control group. However, the way in which TMS activates cells within the motor cortex may differ in people with a history of stimulant use. Recordings from the corticospinal tract of anesthetized primates (3) and humans (10, 14) show that a single TMS pulse normally produces multiple descending volleys in corticospinal axons. The initial volley, known as a D wave, is short in latency and is produced by direct stimulation of corticospinal axons at or near the first node of Ranvier (3, 4, 16) . The later volleys, termed I waves, occur at intervals of ϳ1.5 ms and are thought to reflect indirect activation of corticospinal neurons (for review, see Ref. 61) . The latency of the resting and contracting MEPs was significantly longer in the stimulant group (by ϳ1-2 ms) than in the control group. This could be due to altered generation of D and I waves in stimulant users or changes in axonal conduction velocity given that height did not significantly differ between the groups.
The duration of EMG silence that follows a contracting MEP reflects the strength of GABA B -mediated intracortical inhibition within motor cortex if it exceeds 100 ms in duration (for review, see Ref. 59 ). Although not significant, individuals with a history of stimulant use tended to exhibit a longer cortical silent period (P ϭ 0.06) than subjects in the control group. This is consistent with dopaminergic agonists (pergolide mesylate and L-DOPA) producing acute prolongation of the cortical silent period in healthy nondrug using adults (60) and patients with Parkinson's disease (39) . The cortical silent period is also prolonged in abstinent cocaine-dependent individuals and the duration appears to increase with increasing severity of behavioral symptoms experienced during cocaine use (19) .
The results of paired-pulse stimulation did not significantly differ in adults with a history of stimulant use. This suggests that short-interval intracortical inhibition (mediated by GABA A Illicit Stimulant Use and Motor Circuitry • Flavel SC et al. receptors) and facilitation were unaffected. Similar results have also been observed in abstinent cocaine-dependent individuals (19) , but reduced short-interval intracortical inhibition has been observed in heavy cannabis users (18) .
A limitation of the current study is that the response to TMS was only recorded in one muscle, the first dorsal interosseus. This muscle was selected because it has a large representation within motor cortex, it has an important role in precision grip and manipulation of objects, and the EMG response evoked by TMS has been well characterized in the literature. Further work is required to determine if the effect of stimulant use on motor cortical excitability is consistent across muscle groups.
How might stimulant use affect motor cortical and/or corticospinal excitability? Long-term changes in monoamine neurotransmission could underlie the altered excitability of motor circuitry observed in the current cohort of abstinent methamphetamine and ecstasy users and in the cohorts of previous studies involving abstinent cocaine-dependent individuals. Human neuroimaging studies show that abstinent methamphetamine users exhibit reduced dopamine reuptake transporter (53) and dopamine (D2) receptor availability (52) in the striatum whereas abstinent ecstasy users exhibit decreased 5-HT reuptake transporter (32) and changes in 5-HT 2 receptors (38) in several brain regions and decreased 5-hydroxyindoleacetic acid, the main metabolite of serotonin, in cerebrospinal fluid (31) .
On the basis of their mechanisms of action, amphetamine, methamphetamine, and cocaine are most likely to alter brain regions involved in movement. These drugs cause excess accumulation of primarily dopamine. Animal and in vitro studies show that amphetamine and methamphetamine disrupt synaptic vesicles, block and/or reverse vesicular monoamine transporters (VMAT-2) and dopamine reuptake transporters (DAT; Ref. 23, 44) , and inhibit monoamine oxidase (30, 42) (for review, see Refs. 45, 57), whereas cocaine mainly affects dopamine reuptake (for review, see Refs. 6, 20) . Very few studies have examined the association between use of these drugs and movement. However, new cases of dystonia and tic disorders have been attributed to cocaine use (for review, see Ref. 12) and choreiform syndrome has been associated with amphetamine use (15, 28) . Exacerbation of symptoms of preexisting movement disorders such as Tourette syndrome, essential tremor, tardive dystonia, and idiopathic dystonia has been noted with cocaine use (for review, see Refs. 12, 13), and epidemiological data suggest that methamphetamine use is associated with increased risk (hazard ratio ϭ 2.65) of developing Parkinson's disease later in life (11) . The few studies that utilized objective quantification of movement also indicate that abstinent methamphetamine users exhibit poorer motor performance on timed gait and grooved pegboard tasks (48, 54) . However, the potential for other types of drugs to alter brain regions involved in movement should not be ignored given that poly-drug use is common among stimulant users.
In summary, individuals with a history of primarily methamphetamine and ecstasy use exhibit long-term changes in excitability of motor cortical and corticospinal circuitry and muscle activity during movement. Further studies are necessary to 1) determine if the effect is present in other muscles, 2) identify the functional consequence of these changes, and 3) determine if stimulant use is a risk factor for developing a movement disorder later in life. 
